The biophysical phenomenon of how water passes across plasma membranes has been clari®ed by the discovery of water channels, designated as aquaporins (AQP) [1] . The ®rst member (AQP1) of this family to be identi®ed in mammalian cells is a 28-kDa channelforming integral membrane protein originally designated as CHIP28 [27] . AQP1 is found in membranes of erythrocytes and of epithelial cells of renal proximal tubules and the thin descending limbs of the Henle loop [23, 29] . Substantial numbers of AQP1 are found in other absorptive and secretory epithelial cells, including the choroid plexus, ciliary body of the eye, gall bladder, hepatobiliary ductules, capillary endothelia [23] , and male reproductive tract [4] . These epithelial cell types possess high water permeability and perform the well-de®ned physiological function of¯uid reabsorption and secretion.
Carbonic anhydrases (CAs) constitute a family of enzymes, consisting of 11 known forms in mammals [10, 11, 21, 25, 33] . This enzyme participates in various physiological processes that involve pH regulation, CO 2 , and HCO 3 7 transport, ion transport, and water and the electrolyte balance [32] . We have observed that the membrane-bound CA isozyme (CAIV) and cytoplasmic isozyme (CAII) possess biological properties similar to AQP1. Both CAIV and the AQP1 water channel are colocalized in erythrocyte membranes and in the membranes of apical and basolateral cells of renal proximal tubules. Developmental studies show that both CAIV and AQP1 genes are not expressed in fetal lung cells or in embryonic erythrocytes. Their expression, however, is initiated postnatally and increases dramatically with the development and growth of the o spring [16, 32] . Both CAII and AQP1 genes are expressed in epithelial cells of the ciliary body of the eye and choroid plexus cells of the cerebral ventricles, and are involved in the production of aqueous humor and cerebrospinal¯uid, respectively [6, 32] . Also, CAII and CAIV are active in human seminal vesicle, ampulla of the ductus deferens, distal and proximal ductus deferens, and prostate [14, 26] . In the testis of the boar, Sertoli cells, capillaries surrounding the seminiferous tubules, and the epididymal duct contain CAII [7] . Furthermore, the membrane-bound CAIV is the active form in the epithelial cells of the rete testis of fetal boar testis [28] .
AQP1 has been immunolocalized to the e erent ducts of male rats and marmoset monkeys from perinatal life through adulthood. In the marmoset, AQP1 is also located in the epithelial cells of the rete testis. Diethylstilbestrol treatment results in a pronounced distension of the e erent ducts and rete, re¯ecting¯uid retention in the lumen due to reduced resorption accompanied by a decrease in the expression of the AQP1gene, suggesting that AQP1 is involved with¯uid resorption by the e erent ducts [9] . These ®ndings indicate that AQP1 and CAs coexist in cells of the male reproductive tract.
CA inhibitors belong to a class of diuretics that act on the proximal tubules of the kidney and are commonly used to treat edema associated with congestive heart failure and induced by drugs. However, a prime therapeutic use of these agents is in the treatment of glaucoma, whereby blocking CA activity results in a marked decrease in the rate of formation of aqueous humor by the ciliary body [12] . Fortuitously, AQP1 gene is the only functional AQP water channel member expressed in the proximal tubules of kidney and in the ciliary body of the eye involved with the secretion of aqueous humor.
When Ace, the prototype of CA inhibitors, is added in vitro to isolated seminiferous tubules,¯uid secretion is reduced [5] . Similarly, when administered in vivo to rams,¯uid secretion in the rete testis is reduced [30] . However, the mechanism underlying the observed¯uid resorption is unclear. To date no studies showing the e ect of Ace on male reproductive function have been reported.
We hypothesized that the AQP1 water channel is the principal mediator of the transmembrane water system in the epithelial cells of the male reproductive tract. CA may act synergistically with the AQP water channel in controlling the transmembrane movement of¯uid in Sertoli cells, thereby promoting spermiation and the release of mature sperm into the lumen of the rete testis. The aim of the present studies is to clarify the molecular basis of Ace action on¯uid balance in the male reproductive tract. Evidence is presented to show that Ace a ects AQP1 gene expression and CA activity in rat testis and decreases epididymal sperm count and motility.
MATERIALS AND EXPERIMENTAL

Animals and Experimental
Male adult Sprague Dawley rats, weighing 200±300 g, were supplied by Beijing Medical University Animal Center, China. Animals were kept at 22¯C under a 12-h light/12-h darkness cycle and provide with water and rat standard diet ad libitum. Acetazolamide (N-[5-sulfamoyl-1,3,4-thiadiazol-2-yl ] acetamide, FW 222.2, Sigma Chemical) was dissolved in distilled water to a concentration of 1% and administered by gavage at a dose of 40 mg/ kg/day. The animals were killed at 8 h and days 1, 3, 7, and 14 of the treatment period.
Tissue Collection and Preparation.
The animals were killed by decapitation using a guillotine. Testes and epididymis were excised. A piece of the testis (rete testis) was resected and immediately frozen in liquid nitrogen and stored at 720¯C. Proteins were extracted and analyzed by Western blot. A second piece of the testis was collected from the opposite side in the same region as above, stored at 720¯C, and assayed for CA activity. The cauda epididymides were remove and cut into small pieces to release the sperm in 1 mL PBS containing 0.5% BSA. The suspension of sperm was ®ltered through a 200-mesh sieve to remove tissue debris. The number of sperm in an aliquot of the ®ltrate was counted and examined for motility.
Preparation and Speci®city of Anti-AQP1 Antibody.
Polyclonal antibody against AQP1 was raised in rabbits. The AQP1 protein was isolated and puri®ed from human erythrocytes , which were collected from blood obtained from the Beijing Blood Center. Hemoglobin-free erythrocyte ghosts were ®rst prepared according to the method described by Fairbanks et al. [8] . The ghosts from 1 unit of erythrocytes were suspended in 400 mL of a solution containing 1%(w/v) sodium N-lauroylsarcosine , 5 mM sodium phosphate bu er, pH 7.4, 1 mM dithiothreitol (DTT), 1 mM NaN 3 , and 1 mM NaEDTA. The suspension was incubated for 60 min at room temperature. The solubilized proteins were separated from the insoluble pellet by centrifugation for > 6 h at 30,000 g. The insoluble pellet was solubilized by suspending it in 200 mL of a solution composed of 1% (w/v) sodium dodecyl sulfate (SDS), 10 mM sodium phosphate bu er, pH 7.4, 1 mM NaN 3 , and 1 mM DTT for 60 min at room temperature. The soluble proteins were collected and separated on preparative SDS gels containing 12% acrylamide according to Laemmli [17] .
The amount of proteins was estimated by the method of Lowry et al. [20] . The sample was incubated in the sample bu er containing 40 mM dithiothreitol for 10 min at 60¯C prior to electrophoresis. Except where indicated, 9 £ 6-cm miniature SDS±PAGE slabs were used. After electrophoresis the protein bands in the gels were stained with Coomassie blue and the band containing the 28-kDa protein was excised. The gel pieces were placed in a bu er containing 0.2% (w/v) SDS, 10 mM sodium phosphate bu er, pH 7.4, 1 mM NaN 3 , and incubated by shaking for 48 h at 22¯C [8] . The eluted proteins were concentrated and dialyzed extensively against PBS (10 mM sodium phosphate bu er, pH 7.4, 0.15 M NaCl).
Polyclonal antibodies were raised in rabbits. A sample of blood was collected to obtain preimmune serum. An aliquot containing approximatel y 100 mg of 28-kDa protein was mixed with an equal volume of complete Freund's adjuvant (Gibco). The mixture was injected intradermally into a young rabbit at multiple sites on the back. A booster was prepared with incomplete Freund's adjuvant and administered in the same way 21 days after the initial immunization and readministered every 10 days. Sera from 2 rabbits showed positive titers after the sixth booster, determined by immunoblot using puri®ed 28-kDa as the antigen. No reaction was elicited with the preimmune sera. A nity-puri®ed anti-28-kDa antibodies used as the reference standard were a gift of Mark Knepper of the National Institutes of Health (USA). Blood was collected from the immunized animals and serum was prepared. To the antiserum was added 0.1% (w/v) NaN 3 ; it was then divided into small aliquots and stored at 720¯C.
Determination of the AQP1 Protein by Immunoblot
Testes were minced and ®nely homogenized (1:5, w:v) with a Polytron homogenizer (Ultra-Turrax T25, Janke & Kumkel IKA, Germany) for 2 £ 15s, 8000 rpm in ice-cold homogenization bu er (20 mM Tris±HCl, pH 7.5, 5 mM MgCl 2 , 5 mM CaCl 2 , 0.1% NaN 3 , 0.3 M sucrose). The preparation was centrifuged at 10,000 g for 20 min. The supernatant was collected and stored at in 720¯C.
Gels for SDS±PAGE were prepared according to the discontinuous bu er system of Laemmli [17] using a 12% separating gel and a 4% stacking gel. Aliquots of 20 mL of testis extract were diluted with 5 £ sample bu er (0.4 M Tris±HCl, pH 6.8; 0.5 M DTT; 10%SDS; 50% glycerol; pinch of bromophenol blue). The samples were heated at 60¯C for 4 min before being loaded onto each lane. Molecular-weight standards (Sigma) were run routinely. Electrophoresis was performed at a constant voltage of 100 V. The gels were either stained with Coomassie blue or subjected to electroblot on nitrocellulose membranes (Amersham, 0.45-mm pore size) at 4¯C for 2 h at 0.2 A, using the Mini-Transblot Electrophoretic Transfer Cell (Bio-Rad). After being covered with a blocking solution of 5% nonfat dry milk in Tris-bu ered saline (TBS; 10 mM Tris±HCl, pH 7.5, 150 mM NaCl), the membranes were incubated with a rabbit anti-AQP1 antiserum (1:200 dilution) in TBS/2.5% nonfat dry milk overnight at 4¯C. After a wash with TBST (TBS with 0.05% Tween-20) the blots on the membranes were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (Pierce), diluted 1:5000 in TBS/2.5% nonfat dry milk, for 1 h at room temperature. The blots on the membrane were then developed with nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indoly l phosphate (BCIP).
Carbonic Anhydrase (CA) Assay
CA activity in tissue homogenate was determined by using an imidazole±Tris bu er with p-nitrophenol as the indicator [3] . The basic principle of the assay is that hydration of CO 2 will cause acidi®cation of the solution, which can be detected by changes in the indicator color. The reaction vessel was a single glass tube (10 (Figure 1 ). CO 2 gas continually¯owed in at a rate of 150 mL/min through the No. 18-gauge needle via the attached Te¯on tubing. The No. 16-gauge needle served as the exhaust and also as a port for adding the bu er. All reagents and the reaction vessels were kept in an ice-water bath (0±1¯C). All homogenates were vortexed immediately before sampling.
The sample was diluted with water to a total volume of 500 mL and imidazole±Tris bu er (20 mM imidazole, 5 mM Tris, 0.2 mM p-nitrophenol, pH 9.4±9.9) was added using Figure 1 . The reaction vessel to assay carbonic anhydrase activity is a stoppered disposable glass tube. CO 2 gas enters through an 18-gauge needle. The 16-gauge needle serves as an exhaust and as a port for the addition of bu er. The temperature of the entire system is maintained at 0±1¯C with an ice-water bath.
a Hamilton syringe to initiate the reaction. Reaction time was recorded when the yellow color disappeared and the sample became nearly colorless. A previously acidi®ed and simultaneously bubbled tube was read with a white background. To facilitate recognition of the end point, the control tube contained 500 mL of water. The average reaction time ranged from 65 to 75 s with a maximum variation of 3 s (CV µ 2%). Also a boiled homogenate equivalent to each sample was assayed.
One enzyme unit (EU) of CA activity was de®ned as the amount of homogenate required to halve the reaction time of the control sample. All results were expressed in EU per milligram of protein. Protein concentration was measured by spectrophotometr y using Coomassie brilliant blue G-250 (Bio-Rad) and bovine serum albumin as standard. The absorbance maximum of an acidic solution of the dye shifted from 465 to 595 nm when bound to protein.
The following formula was used to calculate CA activity:
where B and S are the reaction times measured for paired boiled inactivated enzyme and active sample, respectively; (prot) is milligrams of protein in the sample used for that particular measurement; and log 2 = 0.301. Values were means‹SE and di erences considered to be statistically signi®cance with p<.05.
Sperm Count and Motility Measurement
The cauda epididymidis was decapsulated, washed, and cut into small pieces with a ®ne scissors and placed in 1 mL PBS containing 0.5% BSA to release the sperm. The sperm suspension was ®ltered through a 200-mesh sieve to remove tissue debris. Sperm were counted under a light microscope using a hemocytometer. The motility of sperm was observed under a light microscope and graded.
Statistical Analysis
Results are reported as means‹SE of 6 separate experiments. Di erences between drug-treated and control animals were analyzed using the Student's t test for paired data. Di erences were considered to be statistically signi®cant with p < .05.
RESULTS
Identi®cation of Anti-AQP1 Antibody
Antibodies in the sera obtained from 2 immunized rabbits were assayed for reactivity with the 28-kDa protein by Western blot. The antiserum stained the 28-kDa protein isolated from human erythrocytes. No reaction was elicited with the preimmune sera ( Figure 2) . A nity-puri®ed anti-28-kDa antibodies used as the positive reference were a gift from Mark Knepper of the National Institute of Health (USA). The anti-28-kDa antiserum was used to determine AQP1 in lysates and tissue sections.
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Changes in CA Activity in Testis After Treatment with Acetazolamide
CA activity in testis extract from Ace-treated rats was determined using a quantitative assay [3] . A marked decrease in CA activities (EU/mg protein) occurred within 8 h after treatment (Figure 3 ). Further reduction in the enzymatic occurred up to day 14.
Downregulation of AQP1 Gene Expression Following Acetazolamide Treatment
The original Western blot of the proteins extracted from testes of Ace-treated rats is depicted in Figure 4 . The intensities of the protein bands were measured by densitometric scanning of the gel ( Figure 5 ). Western blot using the speci®c anti-AQP1 antibody showed that the amount of AQP1 in the region of rete testis after treatment with acetazolamide at 40 mg/kg/day was signi®cantly reduced (p < .05) by day 7 (Figures 4 and 5) . Further decrease occurred on day 14. The present results showed that one of the actions of Ace is to suppress AQP1 expression. 
E ect of Acetazolamide on Epididymis Sperm Count
A lowering trend in the epididymal sperm count occurred following Ace treatment at a dose of 40 mg/kg/day ( Figure 6 ). The decrease was signi®cant on day 14 of treatment.
E ect of Acetaolamide on Sperm Motility in Rat Epididymis
Sperm motility was examined during the course of acetazolamide treatment. The percentage of motile sperm decreased gradually and was signi®cantly reduced on day 7 ( Figure 7 ). Further treatment (day 14) did not signi®cantly reduce sperm motility. 
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DISCUSSION
Ace, a CA inhibitor, acts as a diuretic by inhibiting both the membrane-bound (CAIV) and cytoplasmic forms (CAII) of the enzyme, resulting in nearly complete abolition of NaHCO 3 reabsorption of the glomerular ®ltrate by the proximal tubules of the kidney [12] . In the present study, the activities of CA in testis were signi®cantly reduced after Ace treatment (Figure 3) . On the other hand, the amount of AQP1 protein in the testes, especially in the region of rete testis of Ace-treated animals was markedly reduced on days 7 and 14 of treatment determined by Western blot (Figures 4 and 5) . This result parallels the observation that Ace downregulates AQP1 gene expression (preliminary data). The present results document for the ®rst time that the diuretic inhibits not only the activity of the CA but also the expression of the AQP1 gene in the rete testis.
A critical role of AQP1 in renal cells is to concentrate glomerular ®ltrate. This function has been con®rmed recently by preparing and studying transgenic knockout mice lacking the AQP1 gene, whereby the urinary concentrating ability is impaired [20] . Segments of the male reproductive tract are functionally related to the kidney by possessing the capacity to reabsorb¯uid. The e erent ducts of rete testis absorb nearly 46±83% of the luminal ¯uid produced within the seminiferous tubules prior to its transport to the epididymis [13, 18, 31] .
Ace reduces in vitro¯uid secretion by the seminiferous tubules [5] and under in vivo conditions it decreases¯uid secretion in the rete testis [30] . Additional¯uid reabsorption appears to take place along the epididymis, resulting in a marked concentration of sperm [18, 36] . The vas deferens (ductus deferens), seminal vesicles, and prostate produce and secrete nutrients required for sperm maturation and survival, which are concentrated bȳ uid reabsorption by the epithelial cells. Our present results suggest that the AQP1 is the principal mediator of transmembrane water transport and plays a cooperative role with CA in the absorptive function of the epithelial cells of the male reproductive tract.
The ®ndings of a dramatic reduction of sperm in the epididymis of Ace-treated rats on day 14 ( Figure 6 ) of treatment and the signi®cant decrease in AQP1 content ( Figure 5 ) by day 7 of treatment suggest that AQP1 water channels are required for spermiation. Thus, the reduction of sperm in the epididymis of male rats induced by Ace may be a consequence of its ability to suppress AQP1 gene expression.
A reduction in the motility of sperm of the cauda epididymidis of rats treated with Ace occurs as early as 8 h and sperm remain suppressed throughout the 14 days of treatment; however, a signi®cant decrease in motility occurs only on day 7 of treatment ( Figure 7) . Although the cause of the reduced motility is not clear, the ®nding that the decrease 
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occurred within 8 h of treatment is related in time to the acute inhibition of CA activity in the epididymidis (Figure 3) . Thus, the observed alteration in sperm count and motility induced by Ace can be attributed to its ability to inhibit AQP1 and CA activities. One of the physiologic processes of the epididymis is to resorb¯uid from the seminal plasma and to promote sperm maturation. Sperm maturation is dependent on the changing microenvironment within the various regions of the epididymis [2] . The transport of metabolites, hormones, and nutrients, and the secretion and resorption of luminal¯uid in the e erent ducts of the rete testis and epididymis are essential for the maintenance of a proper milieu for the maturation and capacitation of sperm [35] . An interesting physiological occurrence is the low HCO 3 7 concentration in the epididymis and its high content in the seminal plasma. Moreover, proper motility of pig sperm is highly dependent on an optimal HCO 3 7 concentration in the extracellular milieu and is correlated positively with changes in the concentration of this anion in the male and female reproductive tracts, whereby regulating sperm capacitation possibly by in¯uencing phosphorylatio n of critical sperm proteins [34] . Also, the epididymis is capable of reabsorbing NaCl and water under basal conditions and paradoxicall y secretes NaCl and NaHCO 3 under stimulatory conditions [35] .
CA activity in the male reproductive tract might be causally related to the quiescence (immobile) state of stored spermatozoa by regulating the acid±base balance of the luminal uid [15] . This condition exists in the intact rat epididymis, whereby luminal¯uid becomes more acidic as it¯ows from the caput to the cauda epididymis. CA may control sperm motility via a bicarbonate-sensitiv e adenylate cyclase present in sperm plasma membrane [24] . A study on the action of CA demonstrated that Xenopus oocytes injected with this enzyme and AQP1 RNA resulted in an increases of approximately 40% the rate of intracellular pH to fall upon exposing the cell to CO 2 [22] . Since AQP1 is capable of transporting CO 2 , and CO 2 is a substrate of CA in catalyzing the formation of HCO 3 7 , there appears to be a close relationship between CA and aquaporins . Our present results suggest that the e ect of Ace is partly due to its capacity to suppress the expression of AQP1 gene, thereby causing a de®cit of water channels required for adequate¯uid reabsorption by the epithelial cells of the e erent ducts.
A few compounds (e.g., chlorosugars, a-chlorohydrin) are known to act rapidly and induce infertility in the male by e ecting spermatozoa in the epididymis. The epididymis also seems to be the primary site of action for ornidazole, a nitroimdazole derivative, that induces infertility in male rats within 10±14 days of treatment [35] . At the dosage administered, the drug has no e ect on the testis and the infertility is completely reversible within 7 days after withdrawal. Kinematic measurements of motile spermatozoa using computer-assisted analysis revealed reduction in the straight-line and average path velocities of sperm obtained from the distal epididymal regions; however, the percentages of motile spermatozoa in all the regions of the epididymis in ornidazole-treate d rats were similar to that of controls [35] . The infertility-inducing action of this drug suggests that motility and sperm proteins can be signi®cantly a ected by altered epididymal function and can be a focal point in the regulation of sperm function. Thus, Ace derivatives should be tested as potential male contraceptives. The present ®ndings suggest that water channels and CA are involved in spermiogenesis and spermiation and that pharmacological modulation of these processes may provide additional methods of controlling human male fertility.
